We describe the use of on-axis femtosecond holography to capture fast dynamic phenomena on a CCD camera. 1 -4 The femtosecond laser allows us to sample very quickly changing events with 150-fs resolution while holography makes it possible to accurately reconstruct the phase and amplitude of the recorded object. The on-axis holograms recorded on the CCD camera provide spatial resolution of approximately 4 mm. We have demonstrated this technique by recording holograms of the plasma trail generated by a pump femtosecond laser pulse propagating through air. The spatial distribution of the plasma density is retrieved from the measured phase prof ile. Propagation of short laser pulses in air has been a subject of intense interest, 5 -14 and several methods have been described for imaging the spatial distribution of the plasma trail created by laser pulses.
-11
The technique that we describe provides f iner spatial resolution than previous methods and allows for the recording of a sequence of frames capturing the evolution of the event over time.
On-axis digital holograms are recorded with the setup in Fig. 1 . We use a Ti:sapphire laser amplif ier operating at 800-nm wavelength to generate the ultrafast event and also to record it. The energy and the duration of the laser pulse are 2 mJ and 150 fs FWHM, respectively. The pulse is split in two, with a major portion of the energy (1.5 mJ) going into the pump beam. After a variable delay, the pump beam is focused with an achromatic lens (L3) of 5-cm focal length. The peak power of the pump pulse is 10 GW, approximately six times larger than the critical power of 1.8 GW for self-focusing in air. The probe pulse propagates in a direction perpendicular to the pump and captures the plasma trail of the pump pulse in the air. The image is magnified by a factor of M f 2 ͞f 1 . We record an in-line (Gabor) hologram 15 with the CCD camera at a distance L from the image plane. The in-line hologram is essentially the interference between the diffraction of the plasma distribution and the probe beam. The hologram is then digitally reconstructed to retrieve the phase change induced in the probe by the plasma.
The phase of the object wave recovered through in-line holography is subject to errors due to artifacts surrounding the reconstructed object. We have performed computer simulations in which we digitally propagated a plane wave of l 800 nm through a one-dimensional Gaussian phase object along the center line for 30 cm to form a hologram. The waist sizes of the objects are 70 and 350 mm, covering approximately 7% and 35% of the hologram area, respectively. The peak phase change of both objects is 20.8 rad. The phase change induced by the object is then retrieved through numerical reconstruction and compared with the original phase distribution. The phase error for a 70-mm object is approximately 6% and is greater than 50% for a 350-mm object. In general, in-line holography is unable to retrieve the phase for large, strongly diffracting objects, since it becomes very diff icult to separate the real image from the virtual image. In our experiment the overall lateral size of the object is roughly 60 mm, which covers no more than 7.5% of the hologram after a magnification of 12.5. Therefore, we estimate that the error in the phase change retrieved from the digital reconstruction (2004) and is made available as an electronic reprint with the permission of OSA. The paper can be found at the following URL on the OSA website: http://www.opticsinfobase.org/ol/abstract.cfm?URI=ol-29-7-772. Systematic or multiple reproduction or distribution to multiple locations via electronic or other means is prohibited and is subject to penalties under law.
is less than 6%. Figure 2(a) shows the hologram captured by the CCD camera. The pulse propagates from left to right. A separate image frame of the probe beam alone is subtracted from the hologram to remove spatial nonuniformity. We numerically backpropagate this hologram to reconstruct the object wave front and retrieve the phase change due to the object (the plasma distribution). The reconstruction algorithm calculates the convolution between the holographic fringes and a Fresnel phase kernel. 16 Ignoring diffraction through the 60-mm object, we find that the phase change Dw that the probe pulse undergoes after passing through the plasma is Dw͑x, y͒ R s 0 2pDn͑x, y, z͒͞ldz, where s is the size of the plasma and l is the wavelength. It is in general difficult to calculate the corresponding index change if Dn contains three-dimensional structures. This change of index is related to the density of free electrons as 17 n 0 1 Dn e 1͞2 ͑1 2 v p 2 ͞v 2 ͒ 1͞2 , where n 0 is the refractive index of air, e is the electrical permittivity, v is the frequency of the probe pulse, and v p is the plasma frequency. From this relationship we obtain the density of free electrons as n e 22Dnn cr , where n cr 1.7 3 10 21 cm 23 is the critical plasma density at the 800-nm wavelength. Using plasma size s 60 mm, we estimate that the maximum index change is approximately 22.12 3 10 23 , corresponding to a free-electron density of 7.03 3 10 18 cm 23 . On the other hand, the mean electron density over the 60-mm cross section is 5.53 3 10 17 cm 23 . We show the spatial map of free-electron density in Fig. 2(b) . The initial disturbance splits into several branches after propagating for 100 mm and then becomes a single structure after another 200 mm. The width of the smallest feature in the image is roughly 4 mm, which is the diffraction limit of the system, suggesting that a f iner structure could exist. In Fig. 3 the free-electron density is plotted at several lateral cross sections as labeled with numbers in Fig. 2(b) . In view of the possible finer structure than the diffraction limit, it should be noted that the density of free electrons could be higher. For the electron densities measured it is possible that both multiphoton ionization and avalanche processes play a role. It requires further study to determine whether what we have observed is the initiation of filamentation, local breakdown, or perhaps an intermediate regime.
The holographic recording method is also capable of capturing time sequences of the plasma-generation process. We employ a setup similar to that depicted in Fig. 1 , in which mirror M4 is replaced with a mirror array consisting of four mirror segments, each of which has independent controls for angular and axial displacements. The displacements of the mirror segments are carefully tuned such that the four ref lected probe pulses propagate with a small relative time delay and angular separation. The four pulses spatially overlap in the region of the air discharge, although they are temporally separated. Therefore, each probe pulse samples the event at a time set by the displacement of the mirror. The CCD camera records the four holograms with magnification M 2.5 at L 16 cm, where the four probe beams (and thus the holograms) are spatially separated. The variable time delay line synchronizes the pump and probe pulses at the onset of the plasma. We set the separation angle between the probe pulses to be sufficiently small (,3 ± ) that the events are recorded at approximately the same angle. However, to spatially separate the four holograms in the CCD sensor plane, the effective angular aperture of each individual hologram is limited to the separation angle between the probe pulses. Figure 4 shows the holograms recorded on the camera at times t 1 0, t 2 1 ps, t 3 2 ps, and t 4 2.7 ps. The energy of the pump laser pulse is the same as in the previous experiment. We numerically reconstruct the holograms and calculate the density of free electrons through the reconstructed phase. The electron density distribution of the four events is shown in Fig. 5 . Despite the reduced spatial resolution as a result of the limited angular aperture, this result gives a dynamic picture of the time evolution of the plasma density.
In summary, we have presented a holographic method of measuring the spatial distribution of free electrons generated at the trail of a femtosecond pulse propagating in air. Our method can also be used to measure plasma generated in other transparent materials (liquids, solids) and under different focusing conditions. We have also demonstrated the capability of our technique to capture a sequence of frames in a single experiment.
